After the climate shift of 1976/1977, associated with the interdecadal variability in the tropical Pacific Ocean, persistence barriers of El Niñ o/Southern Oscillation (ENSO) and tropical mean tropospheric temperature (TMTT) variations are detected in the boreal spring and autumn, respectively. Prior to the climate shift, however, the TMTT persistence barrier is almost non-existent, despite the prominence of the ENSO persistence barrier. Thus, the phase lag between ENSO and the TMTT variations is not fixed prior to the climate shift, while there is a fixed lag after the climate shift. This interdecadal variability is most remarkable for the TMTT anomalies in December. After the climate shift, the TMTT anomalies in December tend to persist 4 months later than prior to the climate shift. This is further examined in the comparison to the SST averaged over the strongly precipitating regions only, that is, the rainy-region SST. The SST variations in the rainy-region well correspond to those over the remote ocean basins, such as the Indian Ocean and the Western Pacific, that show a lagged response to the equatorial eastern Pacific SST anomalies. The TMTT anomalies are positively correlated with the rainy-region SST anomalies in both periods, prior to and after the climate shift. The interdecadal variability of the rainy-region SST persistence is similar to that of the TMTT persistence, although the variability is not as distinct as that of the TMTT.
Introduction
The temperature distribution in the atmosphere is of fundamental importance for defining the thermodynamic state and, ultimately, the wind structure in the atmosphere (Peixoto and Oort 1992) . Therefore, a great deal of effort has been made on its variability. Numerous attempts have been made to demonstrate the long-term trend of tropospheric temperature to detect climate change (Santer et al. 1999; Gaffen et al. 2000; Lanzante et al. 2003; Angell 2003) . It has been well-known that tropical tropospheric temperature variations, on seasonalto-interannual scales, are strongly influenced by El Niñ o/Southern Oscillation (ENSO), (e.g., Wallace et al. 1998) . The tropical tropospheric temperature anomaly lags, by three to six months, behind the sea surface temperature (SST) anomaly of the equatorial eastern Pacific (Newell and Weare 1976; Yulaeva and Wallace 1994) . Making use of the equatorial eastern Pacific SST dataset, and the Southern Oscillation Index (SOI), it has been shown that many ENSO events have been phase locked to the annual cycle (e.g., Rasmusson and Carpenter 1982) . In addition, it has been proposed that a 'persistence barrier' exists during the boreal spring (cf., Torrence and Webster 1998) . The tendency for anomalies to remain of the same sign and similar magnitude for many months, is represented by 'persistence' (Wright 1985) . The magnitude of the persistence is evaluated in degrees of the correlation coefficient, between anomalies in one month and another month. On the other hand, using reanalysis data for the years 1979 to 2000, Kubota and Terao (2003) demonstrated that the persistence of anomalous tropical mean tropospheric temperature (TMTT) exhibits a barrier during the boreal autumn, especially between September and October. Thus, a lag of several months is seen between the persistence barrier of ENSO and the variations in TMTT.
Many studies detected the interdecadal scale variability in the tropical Pacific Ocean, such as that marked by the ''climate shift '' of 1976-1977 . At this time, the global SST field was marked by an abrupt change toward a warmer tropical eastern Pacific, and a cooler extratropical central North Pacific (Nitta and Yamada 1989; Trenberth 1990; Zhang et al. 1997) . In addition to the warm temperature shift, ENSO properties have been shown to be modified since the climate shift. Since the 1970s, variances of ENSO on timescales of 3-7 years are stronger in time series of the SOI and the equatorial eastern Pacific SST Torrence and Webster 1998; Kestin et al. 1998) . Moreover, the period between 1960-1977 exhibited a strong phase locking of the ENSO persistence to the annual cycle, while the 1978-1995 period shows less persistence of ENSO (Torrence and Webster 1998) . From numerical experiments, Wang and An (2001) suggested that the changes of the ENSO properties may be attributed to changes in the surface winds and associated ocean surface layer dynamics. When considering the strong effect on TMTT, the above changes of the ENSO properties are possibly related to the TMTT variability.
The purpose in the present paper is to further explore the persistence barrier of the TMTT anomalies, using a radiosonde dataset for the period of 1958 -2001 . Kumar and Hoerling (2003 examined variations of 200 hPa heights as related to the ENSO cycle for . Their study, however, implicitly assumed a constant relationship between TMTT variations and ENSO.
Furthermore, a linear relationship has been found between TMTT and the tropical mean SST with the use of reanalysis data, satellite data, and model output (Soden 2000; Su et al. 2003) . Many works have shown the lagged response of the tropical ocean to the equatorial eastern Pacific SST anomalies (Alexander et al. 2002) . Kumar and Hoerling (2003) pointed out from the results of general circulation model simulations that the TMTT variations are intimately tied to the lagged response in the remote ocean from the equatorial eastern Pacific SST. Sobel et al. (2002) proposed that a ''rainyregion'' SST is the most important for TMTT, based upon a physical idea that the SST anomalies in the convective regions should induce the TMTT anomalies via convective adjustment, while the surface has no direct influence to the free troposphere in nonconvective regions. The rainy-region SST is defined by the SST averaged over the strongly precipitating regions. The variations in the rainy-region SST will be compared to those of TMTT.
Data and methods
The radiosonde dataset of air temperature is the Met Office HadRT 2.0 (Parker et al. 1997) . This was mainly originated from the Met Office archive (Parker and Cox 1995) , with quality control including the hydrostatic checks. The monthly data were interpolated onto 5 latitude Â 10 longitude, by means that two or more stations' anomalies were weighted, according to their inverse distances from the center of the box (Parker et al. 1997) . The correction using satellite data is not applied to this version of the dataset. The period is from January 1958 to December 2001, and the data are anomalies from monthly means over 1971-1990. Temperatures were averaged between levels of 700 hPa and 150 hPa. When there was only a missing data within 5 pressure levels (700; 500; 300; 200; 150), it was interpolated by the cubic spline method. Figure 1a shows the distribution of the grid points, with small numbers of missing data in the tropics (20 S-20 N) . Grid points where the percentages of monthly data missing, that is, the ratios of the number of missing data to the number of all data were less than 15% were analyzed in this paper, so as to reduce changes by number of missing data. By the use of the limited grid points, the monthly amount of calculated data was in the nearly constant (Fig. 1b) .
The authors constructed an index, based on a weighted combination of the radiosonde data, and used this index as the proxy of the TMTT. In this calculation, they utilized the grid-area and the ''reliable level'' as the weights. The magnitude of the reliable level was estimated by a correlation coefficient between monthly time series in each grid (Fig. 1a ) and reference time series over the period between Jan. 1979 and Dec. 2001. The reference time series are temperatures averaged zonally over the tropics (20 S-20 N) , and between the levels of 700 hPa and 150 hPa of the NCEP/NCAR reanalysis data (Kalnay et al. 1996) . These are not fairly dependent of the HadRT dataset, because satellite-sounding data have been used for the reanalysis data since November 1978. This is equivalent to the projection of the observational data vector onto the reference data vector.
A weighted running mean time filter (a 1-2-1 binominal filter) was used for monthly series to remove any influence of intraseasonal variability. The solid line of Fig. 1c indicates timefiltered series of the obtained index. The correlation coefficient is 0.89, between these and those in the NCEP/NCAR reanalysis over the whole period (that is, Jan. 1958 to Dec. 2001).
The rainy-region SSTs are defined as the mean SSTs over the region of high precipitation rates between 20 S and 20 N. They were determined here from the regridded Met Office HadISST 1.1 (Rayner et al. 2003) , and the precipitation rate taken from the NCEP/NCAR reanalysis data. This precipitation dataset is derived solely from the model fields using Kuotype convective schemes (Kanamitsu 1989) . Janowiak et al. (1998) , however, pointed out that the precipitation fields of the NCEP/NCAR reanalysis data captured the large-scale feature of the GPCP dataset that comprised gauge observations and satellite-derived precipitation estimates during the period of 1988-1995. High precipitation rates were set here as values above 6 mm day À1 in the time-filtered precipitation fields.
Interdecadal variability of the TMTT persistence
The persistence of a 4-month lag in TMTTs is shown with respect to interdecadal time scales in Fig. 2 . The 4-month lag was chosen because it was related to time scales beyond a season, although the results were not much sensitive to it. In Fig. 2 , the correlation coefficients are indicated between the anomalous TMTT variations on the reference month m, and that lagged by four months m þ 4, e.g., January (the reference month), and May. The correlations are calculated over 19 years (the central year denoted by the horizontal axis, 9 years prior to the central year, and 9 years after the central year). Here, an anomaly is defined as the departure from the mean of 19 years that the central year indicates. From the central year of 1986 (the period covering [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] , values are calculated using data only after the climate shift. Correlation coefficients vary from 0.2 to 0.8 in the same central year, and there are distinct differences between reference months.
Large reductions in correlation are found when the reference month is September and October. The minimum value is 0.25 in October when the central year is 1990 (the period covering [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] . This indicates that TMTT anomalies differ most by between the boreal autumn and the following winter. Thus, the autumn persistence barrier of the anomalous TMTT, as discussed in Kubota and Terao (2003) , appears clearly after the climate shift.
On the other hand, in the central year of 1967 (the period covering [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] , values were calculated using data only prior to the climate shift. The correlation coefficients range only between 0.5 and 0.7, and the result seems to be tentative, although slight decreases are found during Apr. and Aug.-Oct.
The TMTT variations are now examined, in terms of phase locking during the comparison between two 19-year periods that cover the times prior to, and after, the climate shift, i.e., 1958-1976 and 1981-1999 . Here, an anomaly is defined as a departure from the 19-year mean of each period. The lagged correlations between the variations of the anomalous TMTTs are calculated, and displayed in Fig. 3 . During the period between September and December, the correlation coefficients vary more widely than those in the other seasons. Figure  3d shows values along the solid dashed lines in Fig. 3c , that is, lagged correlation coefficients between the anomalies in Dec.(À1) (the reference variable) and other months. Correlation coefficients exceed the significance level until Sep.(0), which indicates that anomalies in . This corresponds to a nearly zonal variation of temperature, seen in the free troposphere within the latitudes between 20 S and 20 N, as shown in Kubota and Terao (2003) .
On the other hand, in Fig. 3a for the period before the climate shift, the correlation values are distributed nearly parallel to the diagonal solid line. No apparent feature is found to be restricted to specific months. Figure 3b shows the persistence of anomalies in Dec.(À1). In Fig. 3b , significant correlation coefficients are found to be until May(0), which is 4 month earlier than in Fig. 3d . The correlation coefficient is 0.14 between anomalies in Dec.(À1) and Sep.(0) in the period of 1958-1976. Thus, a difference of the correlations is 0.59 between after, and prior to the climate shift.
The resampling test (Wilks 1995) was employed, using a technique called the bootstrap in order to assess the statistical significance of this difference. To construct one bootstrap sample, 18 pairs of anomalies in December and the following September, are chosen by random-number generators among 36 pairs obtained during the sum of 1958-1976 and 1981-1999 . In this process, a correlation coefficient between anomalies in December and the following September, is calculated for a sample. This is repeated 20000 times, yielding 20000 bootstrap samples of 18 pairs. Thus, a histogram was formed from 10000 estimates of differences of correlation coefficients, between anomalies in December and the following September of size 18. The histogram was used to estimate confidence intervals for the null hypothesis of the correlation differences. The estimated 95% confidence interval is between À0.50 and 0.47. This demonstrates that the difference of the correlation coefficients is significant between 1958-1976 and 1981-1999 . 
Comparison to the SST variations
For comparisons of the TMTT persistence, the same analysis as in Fig. 3 except for use of SSTs averaged over the NINO3 area (5 S-5 N, 150 -90 W) and defined as the index of ENSO, is performed (not shown). Values of the correlations vary more intensively and rapidly during the boreal spring over the years 1958-1976, than over 1981-1999 , which is consistent with Fig. 9c and d in Torrence and Webster (1998) . That is, prior to the climate shift, the ENSO events indicated more distinct phase locking than after the climate shift, in contrast to the TMTT variation.
In the definition of the ''rainy-region'' SST, the rainy-region varies geographically from month to month. Figure 4a indicates frequencies of months in which precipitation rates are greater than 6 mm day À1 during the period between 1958 and 2001. Regions of high precipitation rates are located mainly in the western Pacific, the Indian Ocean, and the Atlantic near the northern coast of the South American continent. In contrast, small percentages are found in the equatorial eastern Pacific associated with ENSO. When the rainy-region SST lags by 4 and 3 months behind the NINO3 SST, maximum lagged correlation coefficients for monthly series are 0.74 and 0.70 for the period of 1958-1976 and 1981-1999 , respectively. The rainy-region SST is well reflected upon the SST variations over the remote ocean basins that show a lagged response to the equatorial eastern Pacific SST anomalies.
Figures 4b and c show scatter diagrams of the TMTT anomalies and the rainy-region SST anomalies during 1958-1976 and 1981-1999, respectively . Correlation coefficients between both variables are b) 0.81 and c) 0.54. The 1% significance level is 0.48, based on the assumption that independent events occur every 9th-month, being the e-folding time of the autocorrelation of the variables. Thus, both values are larger than the significance level, and the SSTs averaged over the convective area are intimately connected to the TMTT variations, supporting the conclusions of Sobel et al. (2002) . The correlation is 0.77 between the rainyregion SST anomalies, and the TMTT anoma- 1958-1976 and c) 1981-1999. lies of the NCEP/NCAR reanalysis data, during 1981-1999. The relatively low correlation of the HadRT datasets during 1981-1999 is due to variations of small anomalies, because the correlation coefficient is 0.71, using TMTT anomalies greater than monthly standard deviations (the sample size is 83).
The same analysis as in Fig. 3 was again performed for the rainy-region SST (Figs. 5) . The results of Figs. 5a and c moderately resemble those in Fig. 3a and c, in that there is an autumn persistence barrier after the climate shift, although the interdecadal variability is not as distinct as that of Fig. 3 . Lagged correlation coefficients of the rainy-region SST anomalies in Dec.(À1) are above the 1% significance level until Jun. (0) and Sep. (0) in Figs. 5b and d, respectively. Thus, after the climate shift, the rainy-region SST anomalies in December tend to persist 3 month later than prior to the climate shift. Correlation coefficients between anomalies in December and the following September are 0. 29 and 0.61 during 1958-1976 and 1981-1999 , respectively, and the difference of the correlations is 0.32. The resampling test shows that this variability is subtle, because the bootstrap estimated 95% confidence interval is between À0.53 and 0.53.
As noted, the NINO3 SST anomalies tended to persist from the boreal spring to the following spring more clearly prior to than after the climate shift. On the other hand, during the period of 1958-1976, the variations of the rainy-region SST and the TMTT anomalies were independent upon the specific months, although the lagged correlation was slightly larger between the NINO3 SST and the rainyregion SST. These results demonstrate that, in spite of the overall positive correlation, the phase lag between anomalies of the NINO3 SST and the rainy-region SST (also the TMTT) was not fixed during the period of 1958 -1976 . In contrast, during 1981 -1999 , the phase lag was more fixed, and the autumn persistence barrier was found in the TMTT anomalies and, to a weaker extent, the rainy-region SST anomalies. Thus, the relationship between the TMTT variations and ENSO changed at the climate shift, in that the phase lag was not fixed between the NINO3 SST and the TMTT anomalies prior to the climate shift, while there was a fixed phase lag after the climate shift, as shown in Kubota and Terao (2003) . This interdecadal variability may be connected with that of variances in the ENSO timeseries Torrence and Webster 1998; Kestin et al. 1998) , because the magnitude of the ENSO teleconnections over the remote ocean possibly depends upon the amplitudes of ENSO.
Summary
The variability of the seasonal-scale persistence of anomalous TMTTs was investigated on interdecadal time scales, using radiosonde data from 1958 to 2001. The NINO3 SST and TMTT persistence barriers were detected in the boreal spring and autumn, respectively, after the climate shift of 1976/1977. Prior to the climate shift, however, the TMTT persistence barrier was almost non-existent, despite the fact that the NINO3 SST persistence barrier was prominent. Thus, the relationship between the TMTT variations and ENSO changed at the climate shift, in that the phase lag was not fixed between the NINO3 SST and the TMTT anomalies prior to the climate shift, while there was a fixed phase lag after the climate shift. This feature of the TMTT was verified by the variability in the persistence of the 4-month lag (Fig. 2) , and the lagged correlations within two 19-year periods, 1958-1976 and 1981-1999 (Fig. 3) . This variability was most remarkable for the TMTT anomalies in December. After the climate shift, the TMTT anomalies in December tended to persist 4 month later than prior to the climate shift. The interdecadal variability of the correlation between anomalies in December and the following September was significant at the estimated 95% confidence interval of the resampling test.
This was further examined in the comparison to the SST, averaged over the strongly precipitating regions only, that is, the rainy-region SST. Regions of high precipitation rates were located mainly in the western Pacific, Indian Ocean, and the Atlantic near the northern coast of the South American continent, while there were small areas in the eastern equatorial Pacific associated with ENSO (Fig. 4a) . The SST variations of the rainy-region were well corresponded with those over the remote ocean basins that showed a lagged response to the equatorial eastern Pacific SST anomalies. Correlation coefficients between TMTT and the rainy-region SST anomalies were larger than the 1% significance level in both periods prior to, and after, the climate shift ( Fig. 4b and c) , and the SSTs averaged over the convective area were intimately connected to the TMTT variations.
The interdecadal variability of the rainyregion SST persistence was modest similar to that of the TMTT persistence, although the variability was not as distinct as that of TMTT (Fig. 5) . The rainy-region SST anomalies in December tended to persist 3 month later, after than prior to, the climate shift. This variability, however, was subtle because the difference of the correlation between anomalies in December and the following September was not significant for the resampling test.
